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Retinal horizontal cells lacking Rb1 sustain
persistent DNA damage and survive as polyploid
giant cells
Stacy L. Donovan and Joseph C. Corbo
Department of Pathology and Immunology, Washington University School of Medicine, St. Louis, MO 63110

ABSTRACT The retinoblastoma tumor susceptibility gene, Rb1, is a key regulator of the cell
cycle, and mutations in this gene have been found in many human cancers. Prior studies
showed that retina-speciﬁc knockout of Rb1 in the mouse results in the formation of abnormally large horizontal cells, but the development, fate, and genomic status of these cells remain unknown. In this study, we conditionally inactivate Rb1 in early retinal progenitors and
show that the loss of Rb1 leads to the rapid degeneration of most retinal cells except horizontal cells, which persist as giant cells with aberrant centrosome content, DNA damage, and
polyploidy/aneuploidy. We observed inappropriate cell cycle entry of Rb1-deﬁcient horizontal cells during the ﬁrst postnatal weeks, which dropped off abruptly by P30. Despite extensive DNA damage in Rb1-deﬁcient horizontal cells, these cells can still enter mitosis. Adult
Rb1-deﬁcient horizontal cells display elevated DNA content (5N–34N) that varied continuously, suggesting the presence of aneuploidy. We also found evidence of supernumerary and
disoriented centrosomes in a rare population of mitotic cells in the mutant retinas. Overall our
data demonstrate that horizontal cells are a remarkably robust cell type and can survive for
months despite extensive DNA damage and elevated genome content.
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INTRODUCTION
Retinoblastoma is the most common ocular malignancy in children
(Corson and Gallie, 2007). The causative gene, RB1, and its associated pathway have been implicated in the development of the majority of human neoplasms (Weinberg, 1995). Unlike human patients, mice carrying Rb1 mutations do not form tumors (Clarke
et al., 1992; Jacks et al., 1992; Lee et al., 1992; Maandag et al.,
1994). Instead, retinoblastoma formation in mice requires inactivation of Rb1 and another Rb family member, either p107 or p130
(Robanus-Maandag et al., 1998; Chen et al., 2004; MacPherson
et al., 2004; Zhang et al., 2004). It has been proposed that intrinsic
genetic compensation of Rb family members in mice, but not in
humans, may account for the species-speciﬁc differences in retino-
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blastoma susceptibility (Donovan et al., 2006). Despite intensive
study, the cell of origin of retinoblastoma remains elusive. A variety
of retinoblastoma mouse models have suggested that one of two
retinal cell types—horizontal or amacrine cells—may represent the
cell of origin (Robanus-Maandag et al., 1998; Chen et al., 2004;
Dannenberg et al., 2004; Dyer and Bremner, 2005; Laurie et al.,
2006; Ajioka et al., 2007; Johnson et al., 2007). In contrast, studies
of human retinoblastoma have implicated cone photoreceptor
precursors as the potential cell of origin (Bogenmann et al., 1988;
Hurwitz et al., 1990; Munier et al., 1994; Glubrecht et al., 2009;
Santagata et al., 2009; Xu et al., 2009; Ganguly and Shields, 2010).
This uncertainty underscores the need for further study of the Rb1
retinal phenotype.
Loss of Rb1 in the mouse results in the formation of enlarged
cells in a number of tissues, including retina, cerebellum, skeletal
muscle, and liver (Williams et al., 1994; Zacksenhaus et al., 1996;
Marino et al., 2003; Mayhew et al., 2005). This phenomenon has
been most carefully studied in the mouse liver, where the enlarged
hepatocytes also showed increased ploidy secondary to a lack of
coordination between DNA replication licensing and entry into mitosis (Bourgo et al., 2011). In the present study, we generated a
retina-speciﬁc knockout of Rb1 to examine the development, fate,
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and genomic status of horizontal cells in the absence of Rb1. We
found that the loss of Rb1 leads to deregulation of many cell cycle
control mechanisms during postnatal development and gives rise to
abnormally large horizontal cells in the adult retina that have an elevated DNA content and show persistent DNA damage.

RESULTS
Postnatal development of abnormally large horizontal cells
in Rb1-deﬁcient retina
Previous studies reported the presence of abnormally large horizontal cells in Rb1-deﬁcient mouse retinas (MacPherson et al., 2004). To
characterize these cells in more detail, we crossed the Rb1lox/lox
strain to Six3-Cre transgenic mice to generate Six3-Cre+;Rb1lox/lox
(Rb conditional knockout, RbCKO) mice (Furuta et al., 2000; Vooijs
et al., 2002). In this RbCKO mouse model, the overall thickness of
the retina was severely reduced in adult mice, with marked cell loss
in all three nuclear layers (Figure 1B). In addition, we observed very
large cells in the sclerad portion of the inner nuclear layer (INL) that
were immunoreactive for the horizontal cell marker calbindin (Figure
1, B and D). These ﬁndings are consistent with the previously reported large horizontal cell phenotype seen in Pax6-Cre+;Rb1lox/lox
retinas (MacPherson et al., 2004).These large cells were not found in
control retina (Figure 1, A and C). A smaller number of large cells
were also seen in the ganglion cell layer (unpublished data).
Next we quantiﬁed the size of the abnormally large horizontal
cells by measuring the cross-sectional area of the nuclei from STYOX
green-stained cells in control and RbCKO retina at P26 (Figure 2,
A–D). Cells with a cross-sectional area in the 15- to 165-μm2 range
showed similar frequencies in both genotypes (Figure 2, C–E). However, a second population of nuclei was observed in the INL of
RbCKO retina that had a much larger cross-sectional area (180–
585 μm2; Figure 2E, inset, red bars). These ﬁndings conﬁrm that the
horizontal cells in the adult RbCKO retina can be up to several times
the size of control horizontal cells.
To determine the fate of the large horizontal cells in RbCKO retinas, we examined histological sections at multiple postnatal time
points. We found that the grossly enlarged horizontal cells persist in
the mutant retina for several months (Supplemental Figure S1). We
also observed that the shapes of the horizontal cell bodies and nuclei in the mutant retina were irregular and dysmorphic at these later
time points (Supplemental Figure S1). In addition, the RbCKO retina
continued to degenerate, with a loss of cells in all three nuclear layers. SYTOX green nuclear morphometric analysis of the INL at
4.5 mo of age revealed similar trends in the frequency and distribution of nuclear area as those observed at 1 mo of age (P26), although the second population of nuclei in RbCKO retina had a narrower distribution (Supplemental Figure S2). In summary, these data
are consistent with persistence of the abnormal RbCKO horizontal
cells for several months after birth.
To quantify the time course of horizontal cell enlargement, we
measured the area of calbindin-positive horizontal cells from dissociated control and RbCKO retinas at multiple postnatal time
points (Figure 3A). Calbindin labels horizontal cells very strongly
but also weakly marks a subset of amacrine and retinal ganglion
cells (Haverkamp and Wassle, 2000). Therefore only very strongly
labeled cells that displayed the characteristic horizontal cell nuclear morphology were imaged and measured. We found that the
mean area (o SD) in control horizontal cells increased gradually
from P7 (62.5 o 12.7 μm2) to P30 (84.1 o 28.3 μm2; Figure 3B,
black symbols), consistent with cellular maturation that occurs
over this time period and in accordance with prior results (Ajioka
et al., 2007). Whereas the size of Rb1-deﬁcient horizontal cells
Volume 23 November 15, 2012

FIGURE 1: Giant horizontal cells in Rb1-deﬁcient retina. H&E-stained
sections show marked thinning of all three nuclear layers in RbCKO
retina at P26 (B) relative to controls (A). (B`, B``) Boxed areas in B show
grossly enlarged cells at the sclerad edge of the INL. Calbindin
immunohistochemistry (red) conﬁrms the identity of these enlarged
cells in the mutant retina (D) compared with the control (Six3Cre+;Rb1Iox/+; C). Sections were counterstained with DAPI (blue, white)
to visualize nuclei in control (C, E) and RbCKO (D, F) retinas. GCL,
ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer.
Scale bars, 25 μm.

was not signiﬁcantly different from that of controls at P7, we observed a progressive increase in the cross-sectional area of horizontal cells from P7 (72.7 o 21.3 μm2) to P30 (203.6 o 115.8 μm2;
Figure 3B, red symbols). To evaluate the percentage of horizontal
cells, we dissociated RbCKO and control retinas and immunostained them for calbindin and counterstained them with 4`,6-diamidino-2-phenylindole (DAPI) at P7 and P10. We counted an
average of 5000 DAPI-stained cells in three independent experiments for each age and genotype and scored the number of calbindin-positive horizontal cells in each. We found that the percentage of horizontal cells was not signiﬁcantly different between
the two genotypes at either age examined (Supplemental Figure
S3).These results demonstrate that the percentage of horizontal
cells remains constant, and changes in horizontal cell size begin
during the second postnatal week and progress at least through
P30 in RbCKO retinas.
Altered ploidy in horizontal cells

| 4363

FIGURE 2: Morphometric analysis of INL cells. (A, B) SYTOX green counterstained sections were used to hand trace the
nuclear outlines of cells in the INL. (B`) Boxed area in B shows large and irregularly shaped nuclei in the INL of RbCKO
retina. (C, D) Representative digitized images from traced SYTOX Green–labeled nuclei were used to calculate the
cross-sectional nuclear area of INL cells (unshaded) for control (Six3-Cre+;Rb1lox/+; C) and RbCKO (D) retinas at P26.
(E) Frequency histogram showing the distribution of cross-sectional nuclear area for cells in the INL of control (black)
and RbCKO retinas (red). Cells from RbCKO show a distribution that extends toward much larger areas (inset). Scale
bars, 20 μm.

Cellular degeneration in the Pax6-Cre+;Rb1lox/lox retina can be
rescued by simultaneous knockout of E2f1, suggesting that the degeneration is mediated, in part, by the unopposed activity of E2f1
(Chen et al., 2007). To determine whether changes in horizontal cell
area are also E2f1 dependent, we crossed RbCKO onto an E2f1 /
background and measured the area of horizontal cells in the double
knockout at P15 and P30. We found no enlargement of horizontal
cells at either time point, indicating that the abnormal increase in
horizontal cell size in the RbCKO retina is E2f1 dependent (Figure
3B, green symbols).

Elevated DNA content in Rb1-deﬁcient horizontal cells
The nuclear enlargement observed in hepatocytes missing Rb1 is
accompanied by changes in ploidy or DNA content (Mayhew et al.,
2005). Typically, ﬂow cytometry approaches can be utilized to
measure ploidy in individual groups of cells. Initially, we used ﬂow
cytometry to measure DNA content in dissociated retinal cells
from adult (P21) RbCKO and control mice. Using this approach, we
observed that there was a shift in the cell population that contained a higher DNA content; however, the peak was quite broad
(unpublished data). Moreover, the lack of speciﬁc cell surface
markers for horizontal cells to measure DNA content by ﬂow cytometry prompted us to use an alternative method. We therefore
deployed a cytoﬂuorometric approach (see Materials and Methods) to evaluate changes in DNA content in RbCKO horizontal
cells. To validate our approach of measuring DNA content in retinal cells using DAPI, we performed a series of controls (Supplemental Figure S4). First, we determined whether there were differences in DNA content in adult control horizontal cells by normalizing
the integrated density measurement (IDM) values of the control
calbindin-positive cells to the mean of the IDM values in the control calbindin-negative (reference) population at P35. We found no
signiﬁcant difference in the DNA content of control horizontal cells
4364 | S. L. Donovan and J. C. Corbo

compared with the reference population (Supplemental Figure
S4A). Next we determined whether there were differences in DNA
content in adult RbCKO calbindin-negative cells by normalizing
the mean IDM values of this reference cell population to the mean
of the IDM values in the control calbindin-negative population at
P35. This analysis revealed that calbindin-negative cells in the
adult RbCKO retina are also diploid (Supplemental Figure S4B).
Finally, we tested the hypothesis that mitotic wild-type retinal progenitors would have a 4N DNA content compared with nonmitotic
cells. P0 wild-type retinas were dissociated and stained with the
mitotic marker phospho–histone H3 Ser-10 (PH3) and DAPI. PH3+
IDM values were normalized to PH3 measurement values. Indeed, mitotic retinal progenitor cells have double the amount of
DNA found in nonmitotic cells (p < 0.0001; Supplemental Figure
S4C). These data demonstrate that DNA content can be reliably
measured using a cytoﬂuorometric approach.
Next we analyzed adult (P35) RbCKO horizontal cells to test
whether changes in DNA content were present. We found that the
mean DNA content in calbindin-negative cells in RbCKO retina
(2.2N o 0.88) was unchanged compared with calbindin-positive cells
in control retina (2N o 0.74; p  0.57), in agreement with morphometric analyses (red triangle vs. gray circle in Figure 4). In striking
contrast, the mean DNA content in calbindin-positive cells in RbCKO retina (12N o 6.8) was markedly increased compared with control calbindin-positive cells (p < 0.0001; gray triangle vs. gray circle
in Figure 4). Of interest, the DNA content of Rb1-deﬁcient horizontal
cells did not cluster around multiples of 2N (i.e., 4N, 8N, 16N) as
previously reported in Rb1-deﬁcient hepatocytes (Mayhew et al.,
2005) but varied widely between 5N and 34N. Taken together, these
results indicate that the DNA content in adult Rb1-deﬁcient horizontal cells is elevated and varies over a wide range, suggesting the
presence of aneuploid and/or polyploid cells that have partially replicated their genome.
Molecular Biology of the Cell

cells from dissociated RbCKO retina. We
found that nearly 40% of horizontal cells are
actively cycling from P7 (38.5 o 5%) to P10
(42.4 o 1.6%); however only 30.7 o 3.2% are
cycling at P15 (p < 0.05; Figure 5L). These
ﬁndings demonstrate that Rb1-deﬁcient
horizontal cells are in an active phase of the
cell cycle at a time before and during which
differences in size are observed and at a
time when DNA content was found to be
elevated. These data suggest that Rb1 plays
a role in preventing inappropriate cell cycle
entry and aberrant ploidy development in
differentiated mouse horizontal cells.
To further conﬁrm the Ki-67 ﬁndings, we
examined S-phase entry by in vivo labeling
with a thymidine analogue, 5-ethynyl-2`deoxyuridine (EdU). EdU was injected intraperitoneally (IP) into RbCKO and control
mice at P7 and P10. After 4 h, retinas were
dissociated and stained for EdU (Figure 6,
FIGURE 3: Knockout of E2f1 suppresses the enlarged horizontal cell phenotype observed in
A–D), and the number of EdU+ cells was
RbCKO retinas during the postnatal period. (A) Representative images of dissociated retinal
quantiﬁed at P7 and P10 (Figure 6E). EdU+
cells from control (Six3-Cre+;Rb1lox/+, Rb1lox/+, Rb1lox/lox; left) and RbCKO (right) immunostained
cells
were sparse in control retina (0.14 o
with calbindin (red) at various postnatal time points. DAPI staining is in blue. (B) Quantiﬁcation of
0.06%)
at P7 but were readily observed in
horizontal cell area in control (black), RbCKO (red) and Rb1;E2f1 double knockout (DKO, green;
the RbCKO retina (10.9 o 0.8%; p < 0.0001).
***p < 0.001, one-way ANOVA followed by Tukey’s post hoc test). Shown is the mean (dashed
blue line) o SD of three independent experiments for each age and genotype. Not signiﬁcant,
At P10, EdU+ cells were exceedingly rare
n.s. Scale bar, 10 μm.
(1/17,000) in control retina but persisted in
RbCKO retina (2.1 o 0.2%).
To determine whether RbCKO horizontal cells are capable of
DNA synthesis during the postnatal period, we double labeled a
Rb1-deﬁcient horizontal cells exhibit unscheduled

genome replication
Mammalian cells use cell cycle control mechanisms to maintain a
diploid state and prohibit proliferation of cells that sustain DNA
damage or have changes in their DNA content (Davoli and de
Lange, 2011). When these control mechanisms are breached, it is
possible for cells to achieve an elevated DNA content and become
polyploid and/or aneuploid. Rb1 plays a critical role in many of these
control processes, and this has been well documented in a variety of
model systems (Manning and Dyson, 2011) but has not been explored in mouse horizontal cells. To gain a better understanding of
the role that Rb1 plays in these processes in horizontal cells, we examined cell cycle and DNA damage markers in RbCKO horizontal
cells at different time points throughout the postnatal period.
First, in order to assess the extent and distribution of cycling cells
in control and RbCKO retinas, we stained for Ki-67, a marker of cells
that are in the cell cycle. We observed an absence of Ki-67 immunostaining from the central region of control retina at all of the ages
tested (Figure 5, A, C, E, and G), although some Ki-67+ cells were
detected in the periphery of control retinas at P7 (unpublished data).
In contrast, we found robust Ki-67 labeling in the central region of
RbCKO retinas in all three nuclear layers, which persisted through
P30 (Figure 5, B, D, F, and H). In addition, we observed Ki-67+ cells
in the area where horizontal cell bodies are located. To examine
whether Rb1-deﬁcient horizontal cells were in an active phase of the
cell cycle, we double labeled sections with calbindin and Ki-67. Indeed, we found that RbCKO horizontal cells were immunopositive
for Ki-67 during a 2-wk period postnatally (Figure 5, I–K). The expression of Ki-67 tapered off dramatically at P30 in RbCKO retina,
and we observed only a few double-positive cells (Figure 5H`, white
arrowhead). To quantify the frequency of horizontal cells that were
cycling, we scored the number of calbindin;Ki-67 double-positive
Volume 23 November 15, 2012

FIGURE 4: Elevated ploidy in adult Rb1-deﬁcient horizontal cells.
DNA content was measured using cytoﬂuorometric analysis (see
Materials and Methods) and normalized to calbindin-positive
horizontal cells in control (Six3-Cre+;Rb1lox/+, Rb1lox/+) retina (gray
circles) at P35. DNA content is signiﬁcantly increased in RbCKO
calbindin-positive horizontal cells (gray triangles, ****p < 0.0001,
one-way ANOVA followed by Tukey’s post hoc test) but remains near
diploid in RbCKO calbindin-negative cells (red triangles). Shown is the
mean (dashed blue line) o SD of three independent experiments for
each age and genotype.
Altered ploidy in horizontal cells
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FIGURE 5: Deregulated cell cycle control in RbCKO retina. (A–H) Immunostained sections from the central portion of
the retina showing the pattern of Ki-67 immunoreactivity (red) in RbCKO that is absent from control (Six3-Cre+;Rb1lox/+,
Rb1lox/+, Rb1lox/lox) retina at several postnatal time points. DAPI staining is in blue. (H`–K) Double-labeling for Ki-67 (red)
and calbindin (green) reveals that horizontal cells remain in the cell cycle for several weeks in RbCKO retina.
(L) Percentage of calbindin;Ki-67 double-positive cells from dissociated RbCKO retina between the ﬁrst and second
postnatal weeks (*p < 0.05, one-way ANOVA followed by Tukey’s post hoc test). Shown is the mean o SD of three
independent experiments. Scale bars, A–H, 50 μm; H’–K, 10 μm.

subset of cells in RbCKO and control retina with EdU and calbindin
at P7 and P10, 4 h post-EdU injection. EdU+ horizontal cells were
absent in control retina at P7 and P10 (unpublished data). In con4366 | S. L. Donovan and J. C. Corbo

trast, RbCKO horizontal cells that were EdU+ after a 4-h pulse were
observed at P7 (Figure 6, F and G; 6.2 o 1.1%) and P10 (unpublished
data). These data demonstrate that RbCKO horizontal cells are
Molecular Biology of the Cell

controls containing Cre (Six3-Cre;Rblox/+)
were used at P15. We found that 32.3 o
5.4% of calbindin-positive horizontal cells
were positive for G-H2AX during the ﬁrst 2
wk of postnatal development (Figure 7L).
Staining in individual RbCKO horizontal cells
ranged from relatively few (2–6) to many
(>6) foci. Our data suggest a mild decrease
in the number of horizontal cells, with few
G-H2AX foci between P10 and P15 in RbCKO retina (p < 0.05; Figure 7L). In Cre+
controls at P15, we observed a small fraction of horizontal cells that were positive for
G-H2AX, which contained either few (4/250)
or many (1/250) foci. This small fraction of
G-H2AX+ cells in these controls suggests that
the effects of nonspeciﬁc nuclease activity
are minimal. Overall these analyses revealed that Rb1-deﬁcient horizontal cells
sustain persistent DNA damage during
postnatal development.

Rb1-deﬁcient horizontal cells
enter mitosis
Because Rb1-deﬁcient horizontal cells
were capable of undergoing unscheduled
FIGURE 6: Unscheduled genome replication in RbCKO retina. (A–D) Representative images of
genome replication and sustained DNA
dissociated retinal cells 4 h after EdU injection from control (A, D) Six3-Cre+;Rb1lox/+, Rb1lox/lox
damage, we wanted to further explore the
and (B, D) RbCKO retinas stained with EdU (red) at P7 and P10. (E) Percentage of EdU+ cells
mechanism associated with elevated
from dissociated control (black) and RbCKO (red) retinas at P7 and P10 (****p < 0.0001,
ploidy and determine whether the abnor**p < 0.005, two-tailed t-test). (F) Dissociated RbCKO retinal cells were colabeled with EdU
mal cells were capable of entering mitosis.
(right, yellow outlines ) and calbindin (white arrowhead) at P7. (G) Quantiﬁcation of dual-positive
We ﬁrst examined hematoxylin and eosin
cells in RbCKO at P7. DAPI staining is in blue. Shown is the mean o SD of three independent
(H&E)–stained sections and found the presexperiments. Scale bars, A–D and F, 10 μm.
ence of condensed chromatin and mitotic
ﬁgures located in the sclerad portion of the
capable of synthesizing new DNA before changes in horizontal cell
INL in RbCKO retina at P10, P15, and P18 (Figure 8, A and C, and
size are detected.
unpublished data). Double immunolabeling with calbindin and
PH3 revealed that Rb1-deﬁcient horizontal cells are mitotic at P10
Rb1-deﬁcient horizontal cells sustain persistent
and P15 (Figure 8, B and D).
DNA damage
To assess whether Rb1-deﬁcient horizontal cells with DNA damSeveral reports have shown that Rb1 deﬁciency leaves cells more
age are able to enter mitosis, we carefully examined dissociated
susceptible to DNA damage (Manning and Dyson, 2011). To evalcells double labeled with calbindin and G-H2AX for the presence of
uate Rb1-deﬁcient horizontal cells for the presence of DNA
condensed chromatin, a typical characteristic of mitotic cells, using
damage, we double-labeled sections with calbindin and G-H2AX,
DAPI stain. We compared the pattern of G-H2AX staining foci with
a marker for DNA damage induced by double-strand breaks
the pattern and intensity of the DAPI stain because mitotic cells are
(Rogakou et al., 1998). Cells that contain DNA damage show
generally brighter than nonmitotic cells. We found rare examples of
multiple punctate foci of G-H2AX staining (Rogakou et al., 1999),
G-H2AX foci arranged in a single linear position located at the center
whereas cells that are apoptotic will have a pannuclear staining
of the cell or in two parallel lines at opposite ends of the cell (Figure
pattern (Marti et al., 2006). We found that only a few scattered
8, E–G). These patterns are consistent with the arrangement of chrocalbindin-negative cells stained for G-H2AX in a pannuclear patmosomes at different phases of mitosis. Moreover, the DAPI staining
tern in control retinas (arrowheads in Figure 7, A, C, and E), conin these same cells was brighter than for cells in the same ﬁeld of
sistent with naturally occurring cell death (Young, 1984). In conview, consistent with condensation of DNA during mitosis, and did
trast, both types of G-H2AX staining patterns were readily observed
not show signs of nuclear fragmentation.
in postnatal RbCKO retina (Figure 7, B, D, F, and H). We found
To quantify the extent to which mitotic Rb1-deﬁcient retinal
that punctate G-H2AX staining was the most prominent and easily
cells exhibit markers of DNA damage, we dissociated RbCKO and
detected pattern in RbCKO horizontal cells (yellow arrowheads in
control retinas and processed them for G-H2AX and PH3 double
Figure 7, D, F, and H).
labeling (Figure 8, H–K). We then scored mitotic cells (PH3+) for
To measure the frequency of horizontal cells that contain DNA
the presence or absence of G-H2AX foci labeling. Consistent with
damage, we scored and analyzed the G-H2AX foci in individual calour previous data, no PH3+ cells were observed in control retinal
bindin-positive cells at P7, P10, and P15 from dissociated control
cells (unpublished data). In contrast, we found that 10.9 o 4.0% of
and RbCKO retina (Figure 7, I–K). To ensure that the effects do not
mitotic cells in RbCKO retina contained G-H2AX foci at P7 (Figure
result from nonspeciﬁc nuclease activity from the Cre recombinase,
8L, left), whereas at P10, only 0.34 o 0.07% of mitotic cells had
Volume 23 November 15, 2012
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endomitotic cycle, which may contribute
to elevated ploidy/aneuploidy.
To support the model that Rb1 loss
overrides genomic checkpoints and promotes proliferation of horizontal cells containing DNA damage, we evaluated Rb1deﬁcient horizontal cells for the presence
of G-H2AX and EdU at P7. RbCKO mice
and littermate controls received a single IP
dose of EdU. After 4 h, the retinas were removed, dissociated, and triple labeled for
calbindin, EdU, and G-H2AX. Calbindinpositive horizontal cells in control retina
were immunonegative for EdU and/or
G-H2AX (unpublished data). In contrast,
we observed calbindin-positive horizontal
cells that were immunopositive for both
EdU and G-H2AX (Figure 8, M and N).
These data suggest that cell cycle checkpoints are compromised in Rb1-deﬁcient
horizontal cells.

Mitotic spindle assembly defects
and abnormal centrosome number
in a rare population of mitotic cells
in Rb1-deﬁcient retina
A number of studies reported that the loss
of Rb1 results in supernumerary centrosomes and is associated with changes in
ploidy (Manning and Dyson, 2011). To evaluate whether the loss of Rb1 leads to alterations in centrosome number, we examined
the expression and distribution of G-tubulin,
a centrosomal marker (Muresan et al.,
FIGURE 7: Persistent DNA damage in Rb1-deﬁcient horizontal cells. (A–H) Retinal sections were
1993), in mitotic cells from dissociated retdouble labeled with G-H2AX (red) and calbindin (green) at several time points postnatally.
ina. First, to ensure that the dissociation
DAPI staining is in blue. Absence of colocalized markers in control (Six3-Cre+;Rb1lox/+, Rb1lox/+,
lox/lox
process would not disrupt or alter the distriRb1
) retina (A, C, E, G). Sparse G-H2AX staining was observed in a pannuclear pattern in
bution of centrosomes within the cell, we
control retina at early postnatal ages (A, C, E; large white arrowheads) and absent by P15 (G).
RbCKO horizontal cells display multiple punctate foci of G-H2AX staining as early as P7
examined the expression and distribution
(D; yellow arrowhead) that persist at later postnatal ages (F, H; yellow arrowheads).
of G-tubulin in control and RbCKO PH3-laRepresentative dissociated cells colabeled with calbindin and G-H2AX were examined for the
beled retinal progenitors at P0. We found
presence and pattern of G-H2AX foci staining in control (data not shown) and RbCKO retina
that the overwhelming majority of mitotic
(I–K). (L) Quantiﬁcation of horizontal cells with different G-H2AX foci staining patterns at three
cells in either genotype contained a single
postnatal ages revealed a mild decrease in the staining pattern with few (two to six) G-H2AX foci
pair of centrosomes distributed in the cenin the RbCKO retina from P10 to P15 (blue line, *p < 0.05, one-way ANOVA followed by Tukey’s
tral part of the nucleus at varying distances
post hoc test). Shown is the mean o SD of three independent experiments for each age and
depending on the mitotic phase, and did
genotype. Scale bars, 10 μm.
not contain more than two centrosomes
(unpublished data).
Next we evaluated whether there were centrosome abnormaliG-H2AX foci present (Figure 8L, right). To measure the extent of
ties in mitotic (PH3+) cells at later stages of development in the Rbcalbindin-positive cells that were mitotic, we examined at least
CKO retina. We found that centrosomes were positioned abnor100 calbindin-positive cells from four to seven RbCKO and conmally within the nucleus and that mitotic Rb1-deﬁcient retinal cells
trol retinas at P7, P10, and P15. We found that the frequency
contained an aberrant number of centrosomes during a 2-wk postof calbindin-positive cells that were PH3+ (o SD) in RbCKO was
natal time period (Supplemental Figure S5, A–R). For example, we
2.0% (o 1.8), 3.3% (o 4.5), and 0.98% (o 1.0) at P7, P10, and P15,
observed centrosomes positioned in RbCKO retinal cells indicative
respectively (unpublished data). In contrast, no double-positive
of multipolar and unequal bipolar mitoses (Supplemental Figure S5,
cells were observed in control retinas at the same ages (unpubA–E, G–J, and L–R). In addition, some cells had misoriented, opposlished data). These data suggest that the percentage of mitotic
ing centrosomes at the cleavage furrow (Supplemental Figure S5, F,
horizontal cells is small and variable in the RbCKO retina. Taken
J–L, and P–R). Next we measured the frequency of mitotic cells with
together, these data suggest that there is selective vulnerability
more than two G-tubulin foci and found an age-dependent increase
to DNA damage after Rb1 loss in the retina; most mitotic cells
in the number of mitotic cells that contained three centrosomes (P7
suffer genomic damage and subsequently undergo apoptosis,
to P15; p < 0.05) but not in those that contained four centrosomes
whereas a small percentage of horizontal cells enter into an
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FIGURE 8: Deregulated cell cycle checkpoint in Rb1-deﬁcient retina. H&E-stained sections show the presence of mitotic
ﬁgures and condensed chromatin in the outer INL of RbCKO retina at P10 (A) and P15 (C). Sections double labeled with
phospho–histone H3 Ser-10 (PH3, green) and calbindin (red) demonstrates that differentiated RbCKO horizontal cells
are mitotic at P10 (B) and P15 (D). (E–G) Subset of dissociated RbCKO horizontal cells displays G-H2AX foci (red) and
DAPI (blue) patterns consistent with mitosis at several postnatal ages. (H–K) Dissociated RbCKO retinal cells were
colabeled with G-H2AX (red) and PH3 (green). (L) Quantiﬁcation of the percentage of mitotic (PH3+) cells that are
G-H2AX+ in control (Six3-Cre+;Rb1lox/+, Rb1lox/+, Rb1lox/lox) and RbCKO at P7 (left) and P10 (right). (M, N) RbCKO
horizontal cells labeled with calbindin (white arrowheads, far right) show both markers of genomic instability (G-H2AX)
and DNA synthesis (EdU) after a 4-h in vivo pulse of EdU. EdU+ cells are outlined in yellow in merged images to aid
visibility. Shown is the mean o SD of three independent experiments. Scale bars, A–N, 10 μm.
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(p  0.44; Supplemental Figure S5S). In rare cases, we observed
RbCKO horizontal cells that contained three centrosomes (unpublished data). These data indicate that abnormalities in centrosome
number and distribution observed between the ﬁrst and second
postnatal weeks are unlikely to play a role in the elevated ploidy
observed in adult Rb1-deﬁcient horizontal cells.

DISCUSSION
In this study we showed that the loss of Rb1 in early mouse retinal
progenitors leads to the rapid degeneration of most retinal cell
types, except horizontal cells, which can survive for months despite
sustained DNA damage and abnormal genome content. Even
though retinal horizontal cells exhibit markers of genomic instability
and altered ploidy, both of which have been shown to be sufﬁcient
for tumorigenesis in various mouse tissues (Knudsen and Knudsen,
2008; Viatour and Sage, 2011), we did not observe retinal tumors in
our model (unpublished data). This ﬁnding is consistent with earlier
studies that showed that Rb1 loss alone is not sufﬁcient to generate
retinoblastoma in murine retina but requires inactivation of at least
one other Rb family member, either p107 or p130 (RobanusMaandag et al., 1998; Chen et al., 2004; Dannenberg et al., 2004;
MacPherson et al., 2004; Zhang et al., 2004) or combined loss of
Rb1 and p27 (Sangwan et al., 2012). Thus our data suggest that
horizontal cells are an exceptionally robust cell type in the murine
retina after Rb1 inactivation but that DNA damage and abnormal
genome content in horizontal cells are not sufﬁcient to initiate tumor
formation in this model.
Earlier studies in the mouse suggested that horizontal cells were
among several cell types that could represent a cell of origin for
retinoblastoma (Robanus-Maandag et al., 1998; Chen et al., 2004;
Dannenberg et al., 2004; Dyer and Bremner, 2005; Laurie et al.,
2006; Ajioka et al., 2007; Johnson et al., 2007). However, our ﬁndings of genomic instability and altered ploidy in Rb1-deﬁcient horizontal cells contrast sharply with a recent whole-genome sequencing study of human retinoblastoma, which showed remarkable
genomic stability in these tumors (Zhang et al., 2012). These differences suggest that caution is warranted when comparing horizontal
cell–derived tumors in mice with human retinoblastoma (Ajioka
et al., 2007).
How does the altered ploidy state emerge in horizontal cells
lacking Rb1? As a tumor suppressor gene, Rb1 is well known for
its role in regulating cell proliferation; however, recent data from
a variety of different in vivo and in vitro model systems suggest
that Rb1 may also play a role in the maintenance of genome stability (Knudsen et al., 2006; Manning and Dyson, 2011; Coschi
and Dick, 2012). It has been proposed that the loss of Rb1 disrupts the coordinated transitions through the cell cycle and that
compromised cell cycle checkpoints culminate in genomic change
(Knudsen et al., 2006; Manning and Dyson, 2011; Coschi and
Dick, 2012). In the present study, we found that multiple cell cycle
checkpoints are compromised in Rb1-deﬁcient horizontal cells
before changes in horizontal cell size and ploidy were detected.
Rb1-deﬁcient horizontal cells underwent proliferation, sustained
persistent DNA damage, and entered mitosis at inappropriate
stages of postnatal development from P7 to P15. In addition, abnormally positioned excess centrosomes were observed in a small
population of Rb1-deﬁcient mitotic cells during the same time
period. Remarkably, horizontal cells in the RbCKO retina survived
despite compromised cell cycle checkpoints and increased DNA
content. Our ﬁndings suggest that Rb1 plays multiple roles in coordinating cell cycle progression to prevent aberrant ploidy in
horizontal cells.
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How might Rb1 mediate its effect on horizontal cell size and
ploidy? Our data suggest that this effect is likely mediated through
the transcription factor E2f1, since the size of the horizontal cells is
rescued when we cross the RbCKO mouse onto an E2f1-null line.
After Rb1 loss in the retina a subset of E2fs and known E2f target
genes that regulate the cell cycle and apoptosis, including E2f1, is
up-regulated (Chen et al., 2007). In agreement with these data, during the postnatal time period, when horizontal cells are progressing
through the cell cycle, we found that E2f1 protein is up-regulated in
RbCKO retina (Donovan and Corbo, unpublished observations).
Two potential E2f1 target genes that may play a role in altered horizontal cell ploidy are mad2 and geminin. Mad2 has been shown to
be elevated in human retinoblastoma tumors and implicated in
chromosome instability (Hernando et al., 2004; Schvartzman et al.,
2011) and prolonged DNA damage checkpoint arrest (Dotiwala
et al., 2010). Geminin helps to prevent the relicensing of replication
origins after they have ﬁred (McGarry and Kirschner, 1998), is deregulated in Rb1-null cells, and contains E2F sites in the promoter
region (Markey et al., 2004). Alternatively, other mechanisms involving chromatin modiﬁcations may contribute to genomic instability
(Knudsen et al., 2006; Manning and Dyson, 2011).

MATERIALS AND METHODS
Mice
The Six3-Cre transgenic mouse was published previously (Furuta
et al., 2000). Brieﬂy, Cre recombinase is controlled by regulatory
elements of the Six3 promoter and enables gene deletion in retinal progenitors as early as E9.5. In contrast to the Pax6-A-Cre line,
which conﬁnes gene deletion to the peripheral retina as early as
E10.5 (Marquardt et al., 2001), the Six3-Cre line leads to widespread gene inactivation throughout the retina. Rb1loxP/loxP mice
were obtained from the National Cancer Institute Mouse Repository (Frederick, MD; strain number 01XC1), and E2f1 / mice were
purchased from the Jackson Laboratory (Bar Harbor, ME; stock
#002785). The original background of the Rb1loxP/loxP mice carried
the rd1 allele, which was removed by backcrossing to C57Bl/6
mice (Gimenez and Montoliu, 2001). Genotyping was performed
as previously described for the Rb1loxP/loxP strain (Vooijs et al., 2002)
and Six3-Cre transgenic mice (Furuta et al., 2000). Genotyping of
E2f1 / mice was performed according to protocols at the Jackson
Laboratory (http://jaxmice.jax.org/strain/002785.html). Mice were
maintained on a 12-h light/dark schedule at 22°C with free access
to food and water. The health of the animals was regularly monitored. All studies were conducted in accordance with the Guide
for the Care and Use of Laboratory Animals and the Animal
Welfare Act and were approved by the Washington University in
St. Louis Institutional Animal Care and Use Committee (approval
no. 20110089).

Tissue processing and immunohistochemistry
Retinas were rapidly dissected, ﬁxed in 4% paraformaldehyde overnight at 4°C, and processed for parafﬁn sectioning. Parafﬁn sections
were cut at 4-μm thickness through the optic nerve and stained with
H&E. Subsequent immunostaining was performed on parafﬁn sections at the same retinal eccentricity for all genotypes and ages or
on dissociated retinal cells. Brieﬂy, parafﬁn sections were dewaxed
in xylenes and then rehydrated through a graded ethanol series to
water. Slides were then incubated in 0.05 M Tris, pH 8.0, with 0.1%
glycine for 2 h at room temperature. Antigen retrieval was performed on all antibodies by boiling parafﬁn sections in 0.01 M citrate buffer, pH 6.0, for 10 min. Dissociated cells, prepared as previously described (Morrow et al., 1998), and antigen-retrieved sections
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were incubated in blocking solution (2% normal donkey serum,
0.5% Triton X-100 in phosphate-buffered saline [PBS]) for 1 h,
followed by an overnight incubation at 4°C with primary antibodies
diluted in the same blocking solution. A list of antibodies, including
the manufacturer, catalogue number, and dilution used for single- or
double-labeling experiments on dissociated cells and tissue sections, is given in Supplemental Table S1. Fluorescently conjugated
secondary antibodies directed against the appropriate species of
primary antibodies were used at 1:1000 (Alexa Fluor 488 donkey
anti-rabbit, A-21206; Alexa Fluor 555 donkey anti-mouse, A-31570).
Tissue or cells were counterstained with DAPI (D9542; Sigma
Aldrich, St. Louis, MO). To quantify the frequency of immunostained
dissociated cells, 100–500 immunopositive cells were scored per
age per genotype from three independent experiments. Control
tissue was processed from age-matched littermates and included
the following genotypes: Rb1lox/+, Rb1lox/lox, Six3-Cre+;Rb1+/+, and
Six3-Cre+;Rb1lox/+.

In vivo labeling of S-phase cells
To label cells in active DNA synthesis/S phase, the Click-iT Alexa
Fluor 647 EdU Imaging Kit was used (C10340; Life Technologies,
Carlsbad, CA). Cells were ﬁrst processed for immunostaining using
1r PBS for washes in between steps, followed by EdU labeling.
Brieﬂy, control and RbCKO mice were given an IP injection of EdU
(25 μg/g). Retinas were harvested 4 h after the injection, dissociated, and ﬁxed in 4% paraformaldehyde for 1 h at 4°C. The cells
were washed and incubated in blocking solution for 1 h at room
temperature, followed by an overnight incubation at 4°C with
primary antibodies. The following day, the cells were washed and
incubated with appropriate secondary antibodies (as described)
for 1 h at room temperature. Next the cells were washed, reﬁxed for
10 min with 4% paraformaldehyde, and washed again with 3%
bovine serum albumin in 1r PBS. EdU labeling was performed
according to the manufacturer’s instructions (Life Technologies). The
cells were counterstained with DAPI.

Statistical analysis
Data are plotted with the mean and SD. To compare two groups,
statistical analyses were performed by using a two-tailed t test. To
compare three or more groups, statistical analyses were performed
using one-way analysis of variance (ANOVA) followed by Tukey’s
multiple comparison post hoc test. A p < 0.05 was taken as statistically signiﬁcant. GraphPad Prism software, version 5.04 for Windows
(GraphPad Software, San Diego, CA), was used to generate all of
the graphs and carry out statistical analyses.

Morphometric analysis of nuclear area in the INL
Parafﬁn sections were dewaxed in xylenes and rehydrated through
a graded ethanol series to PBS and stained with SYTOX Green ﬂuorescent nuclear counterstain (S7020; Invitrogen,). From 10 to 12
ﬁelds encompassing the INL were randomly chosen for RbCKO
and control at P26 and P139 (^4.5 mo). Images were acquired with
an ORCA-ER camera (Hamamatsu, Hamamatsu, Japan) on a spinning disk confocal microscope (BX61WI; Olympus, Tokyo, Japan).
The outline of each nucleus in the INL was traced onto a transparency. The traced images were scanned, and the areas of each outlined nucleus were measured using ImageJ software (National Institutes of Health, Bethesda, MD). In the RbCKO retina 1154 nuclei
were evaluated at P26, and 609 nuclei were analyzed at 4.5 mo. In
control retina, 1699 nuclei were evaluated at P26, and 1322 nuclei
were analyzed at 4.5 mo. A histogram of the frequency of nuclear
area in the INL was plotted for each genotype at both time points.
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Cytoﬂuorometric DNA analysis
To measure DNA content in horizontal cells, dissociated (asynchronous) retinal cells from adult (P35) control and RbCKO retina were
immunostained with calbindin and counterstained with DAPI. Images of calbindin-positive and -negative cells were acquired along
with the corresponding DAPI image. To obtain optimal light levels
during the exposure, a neutral density ﬁlter was used. Exposure
times were adjusted to achieve a maximum pixel value close to
3000. The same exposure settings were used to capture all of the
images. The images were then analyzed using ImageJ to calculate
the integrated density measurement (IDM  area of the DAPI-stained
nuclei r mean gray value) for individual calbindin-positive cells. The
mean gray value is the average gray value of all the pixels in the
selection (area) divided by the total number of pixels. A total of
27 RbCKO and 20 control calbindin-positive horizontal cells were
analyzed from three independent experiments. Raw IDM values in
RbCKO calbindin-positive and -negative cells were normalized to
the mean IDM of control calbindin-positive cells, which represents a
2N, diploid population. The data were graphed in a vertical scatter
plot with the mean and SD.
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